Saccharomyces cerevisiae cells grown at 30°C in minimal medium containing methionine lose viability upon transfer to 45°C, whereas cells grown in the absence of methionine survive. Cellular levels of two intermediates in the sulfate assimilation pathway, adenosine 5'-phosphosulfate (APS) and adenosine 5'-phosphosulfate 3'-phosphate, are increased by a posttranslational mechanism after sudden elevation of temperature After a shift to higher temperatures, cells undergo adaptive changes that allow them to survive the stress. One of those adaptive changes, which is conserved in all organisms from bacteria to humans, is induction of the relatively small set of specific proteins known as heat shock proteins (reviewed in reference 23). These proteins may protect cells against the toxic effects of elevated temperatures under certain conditions; however, many data (reviewed in reference 20) implicate alternative mechanisms for thermotolerance. Some heat shock proteins may contribute to "direct thermotolerance" under certain conditions (11), and a phenomenon known as "induced thermotolerance" (in which the temperature is raised in stages) also apparently involves at least one heat shock protein (30). However, in other sets of conditions, induction of the spectrum of heat shock proteins does not lead to thermotolerance, nor does lack of heat shock protein induction prevent the acquisition of thermotolerance (2). Apparently, thermotolerance is a complex phenomenon, and a variety of factors may govern it under various conditions. We describe here an unexpected effect of methionine on thermotolerance in the yeast Saccharomyces cerevisiae. The data indicate an important role for the synthesis of adenosine 5'-phosphosulfate (APS) and adenosine 5'-phosphosulfate 3'-phosphate (PAPS), the ultimate products of the yeast MET3 and MET14 genes, respectively, in thermotolerance. Yeast cells unable to synthesize APS because of repression by methionine or mutation of the MET3 gene do not survive at elevated temperature.
plays an important role in thermotolerance.
After a shift to higher temperatures, cells undergo adaptive changes that allow them to survive the stress. One of those adaptive changes, which is conserved in all organisms from bacteria to humans, is induction of the relatively small set of specific proteins known as heat shock proteins (reviewed in reference 23). These proteins may protect cells against the toxic effects of elevated temperatures under certain conditions; however, many data (reviewed in reference 20) implicate alternative mechanisms for thermotolerance. Some heat shock proteins may contribute to "direct thermotolerance" under certain conditions (11) , and a phenomenon known as "induced thermotolerance" (in which the temperature is raised in stages) also apparently involves at least one heat shock protein (30) . However, in other sets of conditions, induction of the spectrum of heat shock proteins does not lead to thermotolerance, nor does lack of heat shock protein induction prevent the acquisition of thermotolerance (2) . Apparently, thermotolerance is a complex phenomenon, and a variety of factors may govern it under various conditions. We describe here an unexpected effect of methionine on thermotolerance in the yeast Saccharomyces cerevisiae. The data indicate an important role for the synthesis of adenosine 5'-phosphosulfate (APS) and adenosine 5'-phosphosulfate 3'-phosphate (PAPS), the ultimate products of the yeast MET3 and MET14 genes, respectively, in thermotolerance. Yeast cells unable to synthesize APS because of repression by methionine or mutation of the MET3 gene do not survive at elevated temperature.
MATERIALS AND METHODS
Strains and plasmids. The S. cerevisiae strains used are listed in Table 1 . The ABJ met mutants used in the experiments were obtained by mating of the original met strains to S288C, sporulation, and repeatedly backcrossing the resulting met segregants to S288C. Escherichia coli C600 was used as the host for plasmid maintenance and recovery. Plasmid pM3-10 (8) was obtained from Y. Surdin-Kerjan (Gif-surYvette, France). pM3-10 is a derivative of high-copy-number * Corresponding author. plasmid pFL1 containing the yeast ATP sulfurylase gene (MET3).
Genetic and recombinant DNA methods. Genetic manipulations, plasmid recovery, and transformation were done by standard procedures (31) .
Growth and labeling conditions. Yeast cells were grown aerobically at 30°C either in low-phosphate SD medium (15) containing 0.1 mM phosphate and 0.1 mCi of carrier-free '2P (Amersham) per ml or in sulfate-free SD medium (16) supplemented with 0.15 mM [35S]sulfate (675 Ci/mol) (New England Nuclear). When they had reached 3 x 107 cells per ml, the cultures were shifted to 45°C, and the incubation was continued.
Preparation of 32p_ and 35S-labeled extracts. At the indicated times, 1-ml aliquots of the labeled cultures were filtered through nitrocellulose filters (BA85; Schleicher & Schuell), and the labeled cells were immediately extracted with two successive 0.12-ml aliquots of 1 M formic acid at 0°C. After 30 min at 0°C, the extracts were frozen overnight at -76°C. The next day, the extracts were thawed, clarified by centrifugation, and lyophilized. The residues were taken up in 8 pl of water and analyzed by two-dimensional thin-layer chromatography (TLC).
Two-dimensional TLC analysis of 32p and 3_5-labeled extracts. The TLC procedure is similar to that described previously (15) . Extracts (4 p,l) were applied as spots on polyethyleneimine-cellulose plates (20 by 20 cm; Sigma). LiCl (1.2 M) was used as the first-dimension solvent, and 3 M (NH4)2SO4-2% disodium EDTA was used as the seconddimension solvent. Standard compounds were cochromatographed with the 32p-and 35S-labeled samples. The standards were located under UV light. 32p-and 35S-labeled compounds were visualized by autoradiography with Kodak XAR-5 film. The radioactive spots were quantitated by scintillation counting. The levels of detection of APS and PAPS are dependent on the background radioactivity, which may vary with the batch of TLC plates. In some experiments, the background was sufficiently low to allow detection of 0.01 pmol/107 cells.
Measurements ofATP sulfurylase activity. Yeast cells were grown at 30°C in SD medium to a cell density of 3 x 107 per ml. The cells from 2-ml cultures were harvested by centrifugation before and after elevation of temperature (45°C, 2 h), (19) , and total protein synthesis decayed with a half-time of 30 min. Under these conditions, the cells survived for several hours without a significant drop in viability (Fig. 1) . Unexpectedly, cells grown in the pres- methionine concentration (Fig. 1 ). All other protein amino acids were tested (as well as homocysteine), and these did not affect cell survival at 45°C (not shown).
APS and PAPS accumulate after sudden elevation of temperature. As shown in Fig. 2 (Fig. 3) . The maximum increase, 150-fold, was reached after 4 h at 45°C. PAPS synthesis did not increase in the first hour at 45°C, but thereafter it increased up to 40-fold above the basal level of 0.4 puM after 5 h at 45°C. Increased levels of APS and PAPS after the temperature shift did not result from general derepression of the methionine-biosynthetic pathway at elevated temperatures, since the levels of cysteine, homocysteine, and methionine (measured as described in reference 16) were not affected by the higher temperature (see below, Table 7 ). Also, the levels of S-adenosylmethionine were not affected by the shift to 45°C (Fig.  2D , E, and F; Table 2 ). APS and PAPS were the only nucleotides whose levels increased at the higher temperature.
Other forms of stress, such as nitrogen starvation (18) of ATP sulfurylase, the product of the MET3 gene in S. cerevisiae, showed that both control cells grown at 30°C and cells treated at 45°C for 2 h contained similar levels of the ATP sulfurylase (Table 3 ). The enzyme activity was about 2.3-fold higher when measured at 45°C than at 30°C, regardless of whether the cells had been subjected to elevated temperature ( Table 3 ). The enzymatic activity of purified ATP sulfurylase increased with temperature in the same manner as the enzymatic activity in crude extracts (not shown).
We also tested whether the increase in APS and PAPS levels is due to a decrease in subsequent conversion to other products. Two possible conversion routes for APS and PAPS in living organisms are known. First, the sulfate in APS and PAPS can be ultimately reduced to provide sulfide in methionine and cysteine, which are the ordinary pathways in the biosynthesis of these amino acids (7, 10, 21) . Second, APS and PAPS can be sulfate donors in reactions catalyzed by sulfotransferases (14) , although this has not been demonstrated in S. cerevisiae.
Prevention of the utilization of APS and PAPS by mutations in the methionine or cysteine biosynthetic pathways, shown in Fig. 4 From the substrate-product relationship between APS and PAPS, it seems apparent that an increase in APS will lead to increased PAPS in the cell, as we observed at elevated temperatures. However, the increase in APS at elevated temperatures did not seem to result from changes in the total intracellular concentrations of its precursors, ATP and sulfate. As shown in Table 6 , neither ATP nor sulfate levels changed significantly at elevated temperatures. Also, the change in total cellular PPi levels cannot account for the increased levels of APS. However, it is still possible that compartmentalized changes in the metabolite levels may Inability to synthesize APS and PAPS correlates with loss of thermotolerance. The observation that APS and PAPS accumulate in yeast cells after a sudden elevation of temperature may suggest that these sulfated nucleotides play a role in thermotolerance. Some yeast MET genes, including MET3 and METJ4, whose ultimate products are APS and PAPS, respectively, are regulated by repression by methionine (7, 8, 10, 17, 24) . Thus, our original observation that methionine reduces thermotolerance is also consistent with the notion that APS and PAPS are important in thermotolerance. To test this further, we examined thermotolerance as well as cellular levels of APS and PAPS in met3 and other met mutant strains. We also measured cellular levels of APS and PAPS in wild-type yeast cultures repressed with methionine.
A met3 yeast mutant which does not make either APS or PAPS (Table 4) elevation of the temperature to 45°C (Fig. 5) . The mutant and wild-type control cells were grown in 0.2 mM methionine, which is insufficient to repress the MET genes (24) . The heat sensitivity phenotype segregated with the met3 mutation.
Reversion of the met3 mutation to Met' or complementation by the MET3 gene on a high-copy-number plasmid (pM3-10 [8] ) restored the synthesis of APS and PAPS (Table 4) and also thermotolerance (Fig. 5) .
Another mutant strain, carrying saml sam2 (W744-1A from R. Rothstein [34] ), does not make S-adenosylmethionine (the actual corepressor of the MET pathway enzymes); the levels of exogenous S-adenosylmethionine needed for growth of this mutant do not repress the MET pathway enzymes. Methionine-mediated lethality at high temperature is abolished in this saml sam2 mutant, while APS and PAPS levels are high (not shown). In this mutant, the MET gene promoters act, in effect, independently of methionine per se, and the methionine-mediated lethality seen in the wild type is reversed in association with constitutive production of APS and PAPS.
A milder shift (from 25 to 40°C) led to about a 10-foldlower increase in the APS and PAPS levels, and cell viability was not affected by repressing concentrations of methionine or by a met3 mutation (not shown).
Wild-type yeast cells repressed with methionine (Fig. 1A ) exhibited much lower thermotolerance than met3 cells (Fig.  5 ). This may indicate the involvement of other MET genes in thermotolerance. In fact, compared with the wild type, metl4, metl, and metlO mutants exhibited levels of reduced thermotolerance similar to that of the met3 mutant (not shown). Thus, although MET3 function appears to be necessary for thermotolerance, it is probably not sufficient. However, metl4 and metlO mutants synthesized APS less efficiently than did wild-type cells (Table 4) , which raises the possibility that their reduced thermotolerance may be due to indirect effects of these mutations on the MET3 gene.
Cellular levels of APS and PAPS in 1 mM-methioninegrown and temperature-shifted cells were more than 1,000-fold lower than the levels in cells grown and temperatureshifted in the absence of methionine ( Table 7 ).
Lack of relationship between increased levels of APS and PAPS and heat shock proteins. As shown above, cycloheximide did not prevent the accumulation of APS and PAPS at the elevated temperature (Table 2) . It has been found previously that cycloheximide does not affect the induced thermotolerance of yeast cells (12, 35) (I) Thus, the equilibrium concentration of APS should only be on the order of 0.1 ,uM in the presence of 1 mM ATP and 1 mM So42-. From our in vivo measurements, the basal level of APS in growing yeast cells is 0.1 ,uM. Unexpectedly, at the elevated temperature, the intracellular concentrations of APS increased up to 150-fold over the basal level. The evidence presented above indicates that APS is synthesized by a posttranslational mechanism which does not involve increases in the total cellular concentrations of ATP and sulfate or a significant decrease in the total concentration of PPi. Furthermore, our data also most likely exclude shut-off of turnover of APS as the explanation for the increase. At least a part of the increase in APS after a temperature shift can be accounted for by an increase in ATP sulfurylase activity at elevated temperatures. However, the 2.3-fold increase in enzyme activity, measured in an in vitro assay, still seems to be too small to account for the 150-fold increase in cellular levels of APS. Temperature-dependent posttranslational regulation of ATP sulfurylase activity by a cellular factor(s) probably also contributes to APS synthesis at elevated temperatures. Perhaps metabolic inhibition of ATP sulfurylase activity by APS and PAPS (10) is less pronounced at 45°C than at 30°C in vivo.
PAPS is formed in a reaction catalyzed by the product of the MET14 gene in S. cerevisiae, APS kinase (29) : APS + ATP ; PAPS + ADP (Keq 104) (II) Accumulation of PAPS at elevated temperatures to levels up to 40-fold higher than the basal concentration of 0.4 p,M thus can be accounted for by increases in the level of its precursor, APS. Thermotolerance is a complex phenomenon, and a variety of factors may govern it under various conditions. Nutrientstarved yeast cells in stationary phase (G1 phase of the cell cycle) are much more thermotolerant than growing cells (25, 26) . However, thermotolerance may not be related to a cell's position in the mitotic cell cycle (2) . Some ubiquitin gene (ubi4) mutants are hypersensitive to chronic stress (at 38.5°C) but are partially resistant to acute heat stress (at 44 or 52°C) (11) . One yeast heat shock protein, HsplO4, has been shown to be involved in induced thermotolerance (30) . The thermotolerance defect in cells lacking HsplO4 was largely suppressed by the overproduction of Hsp7O (28) . Cells with mutations in genes involved in the cyclic AMP signalling pathway (e.g., RAS2 and BCYI) are extremely sensitive to heat shock (5, 22) . Trehalose content correlates positively with heat resistance in yeast mutants altered in the RAS/adenylate cyclase pathway, suggesting that trehalose is a thermoprotectant (13) . Here we have shown that repression of MET genes by methionine in yeast cells leads to cell death after a shift to elevated temperatures. We have also traced part of the effect to the MET3 gene, which most likely affects thermotolerance through its ultimate product, APS. Thus, our experiments uncover a new thermotolerance factor by demonstrating that thermotolerance in S. cerevisiae can be manipulated through the MET3 gene without affecting heat shock protein synthesis. Conversely, inhibition of heat shock protein synthesis does not affect APS accumulation or direct thermotolerance. Under the conditions reported here, resistance of yeast cells to heat is governed not by induction of heat shock proteins but at least in part by their ability to increase synthesis of APS. Our results do not exclude the participation of at least some heat shock proteins in maintaining induced thermotolerance (30 MET genes also appear to be linked with other aspects of cellular physiology. Identical genetic elements govern both centromere function and expression of some MET genes (1, 4, 33) . Furthermore, the Cu,Zn superoxide dismutase (sodl) mutant exhibits methionine auxotrophy (6), as does a glucose-6-phosphate dehydrogenase (metl6) mutant (32) .
Finally, it should be noted that all living organisms have the ability to synthesize APS and PAPS. It is therefore likely that the role of APS in thermotolerance in S. cerevisiae described here may be just one example of stress-related functions of these sulfated nucleotides. In fact, it is established that mammalian cells use PAPS for protection against toxic substances (14) . E. coli also has increased levels of APS at elevated temperatures (unpublished data). One potential mechanism by which APS effects thermotolerance at the posttranslational level in yeast cells could involve sulfation of key temperature-sensitive proteins.
